Objective: To determine the incidence, cause, and prevention of horizontal canal benign paroxysmal positional vertigo (H-BPPV) and reentry into the common crus during canalith repositioning procedures (CRPs). Study Design: Prospective case series. Setting: Academic tertiary referral center. Patients: Forty-four patients with symptomatic posterior canalithiasis (P-BPPV) confirmed on Dix-Hallpike. Intervention: Up to 5 CRP for initial P-BPPV and additional maneuvers for canal conversion or reentry in 1 session. Main Outcome Measures: Incidence and timing of onset of H-BPPV or common crus reentry and the outcome of treatment maneuvers.
Horizontal semicircular canal benign paroxysmal positional vertigo (H-BPPV) is less common than the posterior canal variant (1).The incidence seems to be increasing over time. Before 1995, it was the subject of individual case reports and was considered rare; from 1996 to 2000, the incidence as a percentage of total BPPV cases (including both primary presentation and that arising during treatment) was 1.9% to 22% (2Y4), and since 2001, reports indicate an incidence of 9% to 44% (5Y7). Several articles have noted a linkage between performance of CRP and the subsequent conversion to H-BPPV (canal conversion), which can affect 2.8% to 6.9% of treated patients (8Y13). Although improved diagnosis and the use of video-oculography may account for some of the increase in H-BPPV diagnoses over time, if CRP directly causes H-BPPV, an apparent increase in incidence would be expected with the increasing availability of CRP in the community both through administration by healthcare professionals and as home exercises that can be downloaded from the internet. The risk factors for development of H-BPPV during maneuvers have not been delineated.
A number of maneuvers have been devised for H-BPPV (1,14Y16), but these are not yet widely understood or used among patients and primary care physicians who are already using repositioning treatments for P-BPPV. If maneuvers cause canal conversion, then their use by inexperienced individuals raises the risk of untreated H-BPPV. H-BPPV is frequently associated with severe vegetative symptoms. At our institution, some cases presenting to the emergency department with H-BPPV have been misidentified as labyrinthitis versus brainstem stroke, resulting in costly neurologic admissions and imaging. A means to avoid this complication is thus desirable.
Canal conversion also can involve particles moving from the posterior canal to the anterior canal during maneuvers. Preexisting anterior canal BPPV (A-BPPV) causes a downbeating nystagmus (17) . A-BPPV that is preexisting or due to conversion can be treated with a ''deep'' Dix-Hallpike maneuver (18) . Downbeating nystagmus also can result if particles move from the utricle toward the posterior canal ampulla, which can be mistaken for A-BPPV but requires a different maneuver.
In this study, we observed patients with BPPV undergoing CRP and evaluated the point of onset of H-BPPV and common crus reflux in relation to the maneuvers and its response to treatment. Our intent was to confirm whether H-BPPV is caused by CRP, what factors during maneuvers are most likely to cause H-BPPV or common crus reflux, and whether these factors can be modified to reduce the risk of H-BPPV.
MATERIALS AND METHODS
The study was performed at a tertiary academic referral center from 2007 to 2009. Our institution has a weekly BPPV clinic. We see over 200 BPPV patients per year in this clinic and perform maneuvers on all patients with BPPV of either the hori zontal or vertical canal varieties. Typically, patients are treated with repeated maneuvers until symptom free at a single visit.
Diagnosis is performed by direct visualization of the globes during Dix-Hallpike maneuvers. We define vertical canal involvement in BPPV primarily based on the axis of rotation of the globe (19) . The globe is a 3-dimensional structure, and when viewed in color using binocular vision, there are bright red vessels on white sclera that can be visualized as the globe rotates. The axis of rotation, when visible on the front of the globe, is the only spot that does not move during nystagmus. The axis of rotation for each canal is given in Table 1 . Canal involvement also can be determined by viewing the movements of iris and pupil during nystagmus. This varies in P-BPPV from purely torsional (with patient's gaze toward the floor) to nearly vertical (with patient's gaze toward the nose). To minimize this variation, we ask the patient to fixate the examiner's eye during the Dix-Hallpike. This serves to bring the pupil to midposition and standardizes gaze position so that pupil/iris movement is similar for each patient. The pupil/iris complex moves about the axis along a circular arc when viewed down the axis, but when viewed or recorded from the front of the globe, this is foreshortened into one-half of an ellipse, with the longer and straighter side oriented vertically (in vertical canal nystagmus) and with the narrower and more sharply curved vertices of the ellipse at the upper and lower edge of the visible globe. In preexisting vertical canal BPPV, the movement of particles is ampullofugal and thus stimulatory in direction; this allows the pupil to traverse much of the visible arc of the ellipse with each beat. In P-BPPV, the pupil beginning at midposition follows the long, relatively straighter limb of the ellipse upward and then traverses the more sharply curved vertex of the ellipse toward the floor. This results in the classic coarse, upbeating, torsional nystagmus of P-BPPV that gives the visual impression that the upper poles of the eyes are beating toward the floor. Preexisting H-BPPV causes a coarse horizontal nystagmus in which the pupil rotates from canthus to canthus; no axis is visible because the axes pass through the north/south pole of the globes, and there is minimal torsion because the horizontally oriented ellipse is viewed nearly edge-on. Reflux-elicited H-BPPV (H-reflux) is similar. In preexisting A-BPPV, the axis of rotation is closer to the canthus than the axis in P-BPPV. When the pupil begins at midposition, the ellipse is very narrow, the long limb has little curvature, and the sharply curved short vertex of the ellipse is rarely traversed. Thus, A-BPPV causes a coarse, downbeating nystagmus that is torsional only if the patient's gaze is moved toward the axis; the affected ear often is difficult to determine (17) . In contrast, reflux into the vertical canals is in the inhibitory, ampullopetal direction. The excursions of the pupil from mid position are smaller, not large enough to approach the more sharply curved vertices of the ellipse near the top and bottom edge of the eye. This causes reflux to appear almost purely vertical in direction, downward for posterior canal (P-reflux) and upward for the anterior canal (A-reflux).
One operator (C. A. F.) and one of 2 assistants performed all maneuvers. Patients are treated on an operating table that can be moved from a seated to a supine position using foot controls that also allow for Trendelenburg positioning. The headrest of the table can be removed or depressed to allow greater head dependency. The operator stands on the side of the patient being tested, with the assistant opposite. The operator moves to the head of the table after the Dix-Hallpike and before the next movement of the head. Nystagmus is viewed with direct visualization; the lids are retracted by the operator and the assistant as needed to allow full visualization of the globe, and the axis of rotation and direction of nystagmus is visualized in each head position during maneuvers. In frail or elderly patients, the initial Dix-Hallpike is modified so that the head is not brought off The eye should be viewed as if it were a clock face, with the pupil in midposition and the patient attempting to fixate the operator's eye. The axis of rotation of the globe for each canal is perpendicular to the plane of the canal in the cranium. The axes for the 4 vertical canals pass through the center of the globe and through one of 4 visible points all located on the sclera near the equator of the globe (the 9:00Y3:00 line on a clockface). Because the posterior canals lie at a larger angle to the sagittal plane than the anterior canals, the posterior canal axes of globe rotation lie nearer the iris, whereas the axes of the anterior canals lie relatively closer to the canthus.
CW indicates clockwise; CCW, counterclockwise, when viewed down the axis of rotation; CRP, canalith repositioning procedure; L, left; R, right.
the end of the table; to achieve a properly dependent position, the chin of the subject is tipped upward, and if needed, the table is placed in Trendelenburg. P-BPPV is treated with CRP, also called a modified Epley maneuver (20); our technique has been previously illustrated (20) . All treatments were performed in a single treatment session. We perform the transitions briskly, using vibration applied with a handheld vibrator over the mastoid, pausing until vertigo and nystagmus subsides in each position. The duration of an average maneuver is 1 minute 40 seconds. Maneuvers are repeated sequentially with a break of less than 2 minutes between repetitions, until 1 complete CRP is performed, with no observed nystagmus or reported vertigo during any part of the maneuver. The eyes were observed during maneuvers to determine the time of onset of horizontal nystagmus or common crus reentry, and patients were asked to report symptoms of vertigo or nausea during maneuvers. If reentry or canal conversion occurred during the initial Dix-Hallpike portion of the second or subsequent CRP, treatment maneuvers for reflux were immediately applied, and a final CRP was not completed. In these cases, clearance of the posterior canal was determined by a later Dix-Hallpike (see below). H-BPPV that arose during maneuvers was treated by the method of Gufoni (14, 16, 21) , and less commonly with the Vannuchi-Asprella technique (15, 22) . Each maneuver can typically be performed in less than 1 minute. Lateral head roll with the head elevated 30 degrees (9) was used to confirm resolution of H-BPPV. If nausea occurred, the subject was rested in the seated position for several minutes until it subsided.
Fatigue has been reported to resolve in 3 to 5 minutes (23); we used a 15-minute follow-up Dix-Hallpike after completing the maneuver series on every patient to determine whether the posterior canal was cleared. The Dix-Hallpike was considered to be abnormal if there was any visible nystagmus, or in the absence of visible nystagmus, any report of dizziness by the subject.
Inclusion criteria were as follows: a history of symptoms suggestive of BPPV, nystagmus, and axis of rotation consistent with unilateral posterior canal BPPV as defined above. Patients presenting with cupulolithiasis, H-BPPV, bilateral BPPV, or nystagmus of any other direction or stemming from other peripheral or central vestibular disorders were excluded. Patients unable to tolerate the Dix-Hallpike or CRP were excluded. All subjects gave informed consent according to a protocol approved by the Colorado Multiple Institutional Review Board (Principal Investigator, C. A. F.). The procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation and with the Helsinki Declaration. Forty-four individuals were enrolled, and all completed the study.
RESULTS
The number of maneuvers needed to clear the posterior canal is given in Table 2 . The table shows that we are able to clear approximately one-half to two-thirds of patients with each maneuver applied, so we require 1 to 5 maneuvers per patient to approach 100% efficacy. Approximately 15.9% (7/44) of patients developed reflux. Of the 44 subjects, 4 (9.1%) developed H-BPPV. In all 4 cases, the nystagmus was geotropic, indicating ampullopetal movement of the particles. The symptoms arose on performing the Dix-Hallpike immediately after a successful repositioning procedure. In all 4 cases, the posterior canal had been cleared with the first and only CRP. There were no further vertical or torsional eye movements or dizziness when retested with a Dix-Hallpike 15 minutes after H-BPPV treatment, indicating that the posterior canal was free of particles at the time H-BPPV occurred. There was no evidence of an abrupt worsening of symptoms or horizontal nystagmus during any part of the maneuver that preceded the finding of H-BPPV in the 4 subjects. Three of 4 subjects with H-BPPV resolved with a single Gufoni maneuver. One required 4 maneuvers to resolve: 3 Vannuchi-Asprella maneuvers and 1 Gufoni maneuver.
Four subjects (9.1%) developed transient downbeating nystagmus on Dix-Hallpike after a successful maneuver; one of these also had H-BPPV (in this subject, there was a fine downbeating nystagmus on Dix-Hallpike followed within a few seconds by a coarse horizontal nystagmus). No torsional component to the nystagmus was noted. Three of these occurred after the first CRP, and 1 after 3 maneuvers. This was felt to be due to newly removed particles beginning to reenter the common crus and posterior canal and was treated by raising the subject to the upright position; no further nystagmus or vertigo was noted on subsequent Dix-Hallpike. For both horizontal and posterior canal reentry cases, we waited 15 minutes after treatment to perform the final DixHallpike or roll test, and there were no reentry events during this final test. None of the 7 patients experiencing a reentry event and subsequent corrective maneuvers had a recurrence of symptoms during the week after the treatment. No. of patients (Total 44) H-Reflux followed maneuver 4
of patients
The number and percentage of subjects whose posterior canal was cleared by each maneuver is given in the first 2 rows. The second 2 rows show the number of subjects that experienced reflux during the Dix-Hallpike that immediately followed the listed maneuver. The majority of patients (68.1% [30/44]) were cleared by the first maneuver performed; 20% (6/30) of these experienced reflux on the next Dix-Hallpike. Of the patients whose posterior canal was not cleared on the first maneuver, 7.1% (1/14) experienced reflux. a One patient had both H-and P-reflux after the first maneuver and is counted in both categories.
DISCUSSION
In our series, 7 (87.5%) of 8 episodes of reentry occurred after a single maneuver that had successfully cleared posterior canal BPPV in 6 of 7 patients affected. In all cases, reentry became evident on Dix-Hallpike immediately after a successful maneuver and was evenly split between the common crus and horizontal canals; in 1 patient, both were involved simultaneously.
Reflux into the posterior canal can be mistaken for preexisting A-BPPV in the opposite ear because the nystagmus is downbeating and rotates in the same direction about a similarly placed axis of rotation in both. They can be differentiated as follows: 1) P-reflux is fine, with short downward fast phases because particles move in the inhibitory direction, whereas preexisting A-BPPV particle motion is in the stimulatory direction so that nystagmus is coarse, each beat traversing a larger arc of the ellipse.
2) The new development of A-BPPV in the opposite ear is not a risk during CRP for unilateral disease. There is a risk for A-reflux in the treated ear, which can be detected during CRP (Table 1) , but this causes upbeating nystagmus and so is not easily confused with the downbeating nystagmus of P-reflux.
To clear the posterior semicircular canal of particles in 1 visit, a series of maneuvers often are required. Particles can be in clumps of varying sizes or dispersed in the semicircular canal. Presumably, patients cleared with 1 maneuver have a large clump or closely aggregated particles that move out en masse, whereas those requiring additional maneuvers have more widely dispersed particles in smaller masses. As these are removed slowly by repeated maneuvers, they probably become further dispersed in the utricle so that the risk of reentry or canal conversion is reduced. Patients cleared with a single maneuver are likely to have a large mass of particles located near the opening to the common crus at the end of the maneuver, when they are raised to the upright position (Fig. 1, inset) . The opening to the horizontal canal is immediately adjacent to the common crus. This places the patient at increased risk of symptomatic canal conversion or reentry if the head is placed in a favorable position for it. Any head position that places the openings to the canals in a dependent position with respect to the particles, such as the Dix-Hallpike, carries this risk (Fig. 1, large image) . Because a similar position is used during Semont and Brandt-Daroff exercises, these likely also carry a risk of reentry and canal conversion.
There was no evidence from patient reports of discomfort or by observation of nystagmus that particles entered the horizontal semicircular canal at any point during the original CRP that cleared the posterior canal. Symptoms only began upon subsequent Dix-Hallpike, which places the removed particles above the entrance to both the horizontal canal and the common crus. This allows particles to be drawn into either canal by gravity. The nystagmus in H-reflux was geotropic, indicating particle movement was ampullopetal. In P-reflux, the nystagmus was in the inhibitory direction (downbeating), indicating that particle movement also was ampullopetal, which supports our proposed mechanism. In our series, 15.9% of patients suffered a reentry event, evenly distributed between the common crus and horizontal canal (9% for each) ( Table 2) . Of the patients whose P-BPPV was resolved by a single CRP, 20% had a reentry event on subsequent Dix-Hallpike. The risk was substantially lower (7.1%) in those who required more than 1 maneuver. A previous article has found a 6.2% H-BPPV conversion rate (13) . The more efficacious the first maneuver, the greater the likelihood of subsequent conversion or reflux if a Dix-Hallpike is repeated very soon thereafter.
Because the Dix-Hallpike is part of CRP, this places patients at risk for H-BPPV when CRP is used more than once in rapid sequence. When used by physicians or patients unfamiliar with H-BPPV treatments and who wish to avoid this complication, CRP should be used once followed by an upright rest interval to allow particles to move away from the area of the common crus and horizontal canal, after which the maneuver can be repeated until the canal is cleared. We show that a 15-minute interval substantially reduces the incidence of subsequent reentry. A previous study suggests that a waiting period of 5 minutes is not long enough to prevent reentry (23) , so the optimum wait between maneuvers must lie in this interval. Although our series did not demonstrate a case of H-BPPV after the second or subsequent maneuvers, we have seen such cases in our practice, and our sample included a case of common crus reentry after 3 maneuvers. To maximally reduce the risk of reentry, it would be necessary to wait 15 minutes after performing each maneuver, not just after the first maneuver.
Posterior canal reentry was treated simply by returning the patient to the upright position. The same may be true for H-BPPV. The Gufoni maneuver initially moves the patient to the upright position, preventing any additional particles from being drawn by gravity into the horizontal canal, whereas other H-BPPV maneuvers do not. We typically begin the maneuver as soon as the first beats of horizontal nystagmus become evident, before nausea intervenes. Because the Gufoni maneuver can be performed in less than a minute, and we are experienced in the identification and treatment of H-BPPV, we prefer to perform a series of maneuvers and to treat H-BPPV if it arises, rather than adding 1 or more 15-minute waits to our treatment series.
